Earlier, we reported (N. J. Lassam, S. T. Bayley, F. L. Graham, and P. E. Branton, Nature (London) 277: [241][242][243] 1979) detecting protein kinase activity when cytoplasmic extracts of human adenovirus type 5 (Ad5)-infected KB cells, immunoprecipitated with 14b antitumor serum directed against the transforming proteins of Ad5, were incubated with [y-32P]ATP. Here we show that in the in vitro assay this kinase phosphorylated both the heavy chain of immunoglobulin G and a polypeptide that comigrated on sodium dodecyl sulfate gels with the 58,000-dalton Ad5 antigen. It also phosphorylated added histone H3. Evidence is presented that the protein kinase activity found with extracts from Ad5-infected cells is not due to nonspecific trapping of cellular enzymes in immune complexes, but to an enzyme which is distinct from kinases detected at background levels in controls. Serine and threonine were the major phosphorylated amino acids, and essentially no phosphotyrosine was detected. Protein kinase activity detected in Ad12-infected cells immunoprecipitated by an antiserum derived from hamsters bearing Ad12-induced tumors appeared to be immunologically distinct from that immunoprecipitated from Ad5-infected cells by 14b serum.
Earlier, we reported (N. J. Lassam, S. T. Bayley, F. L. Graham, and P. E. Branton, Nature (London) 277:241-243, 1979) detecting protein kinase activity when cytoplasmic extracts of human adenovirus type 5 (Ad5)-infected KB cells, immunoprecipitated with 14b antitumor serum directed against the transforming proteins of Ad5, were incubated with [y-32P]ATP. Here we show that in the in vitro assay this kinase phosphorylated both the heavy chain of immunoglobulin G and a polypeptide that comigrated on sodium dodecyl sulfate gels with the 58,000-dalton Ad5 antigen. It also phosphorylated added histone H3. Evidence is presented that the protein kinase activity found with extracts from Ad5-infected cells is not due to nonspecific trapping of cellular enzymes in immune complexes, but to an enzyme which is distinct from kinases detected at background levels in controls. Serine and threonine were the major phosphorylated amino acids, and essentially no phosphotyrosine was detected. Protein kinase activity detected in Ad12-infected cells immunoprecipitated by an antiserum derived from hamsters bearing Ad12-induced tumors appeared to be immunologically distinct from that immunoprecipitated from Ad5-infected cells by 14b serum.
Recent studies suggest that protein kinase activity is associated with transforming functions of tumor viruses. As originally demonstrated by Collett and Erikson (4) and since confirmed by several other groups (18, 25, 30) , the transforming protein pp6OBrc of Rous sarcoma virus appears to be a protein kinase. In this laboratory we showed that protein kinase activity is associated with antigens immunoprecipitated from human adenovirus type 5 (Ad5)-infected cells by an antiserum directed against the viral transforming proteins (17) . This activity, which is related to the expression of early Ad5 functions, is also present at lower levels in Ad5-transformed cells (2) . More recently, protein kinase activity has been found associated with purified simian virus 40 T antigen (10) and an antigenically related protein from an adenovirus-simian virus 40 hybrid, Ad2+D2 (1, 34) , although some results (34) suggest that such activity may be separable from T antigen. Other reports indicate that protein kinase activity may be associated with polyoma middle T antigen (5, 27, 32) and with a protein specified by the Abelson leukemia virus genome (35) . It is possible that these virus-related protein kinases play a role in oncogenic transformation by altering cellular phosphorylation patterns.
The present paper extends our earlier studies on the protein kinase activity associated with Ad5 tumor antigens. We show that this activity does not arise from cellular enzymes trapped non-specifically in immune complexes, but results from the specific immunoprecipitation of a distinct enzyme of viral or cellular origin. We also demonstrate that a similar, but immunologically unrelated, activity can be detected in human adenovirus type 12 (26) and transcribe approximately 10% of the genome near the left end (6) . Thus, these cells contain and express the region of the viral DNA molecule which is necessary and sufficient for oncogenic transformation (7, 8) (22) . Histone bands were excised from unstained, unfixed, dried 12% gels after autoradiogra-phy. The gel slices were diced and then incubated at 37°C for 16 h in 1% ammonium carbonate containing 150 ,ug of tolylsulfonyl phenylalanyl chloromethyl ketone-trypsin per ml followed by a further 16 h of incubation with fresh enzyme. Gel fragments were removed by centrifugation, and the preparation of 32P-labeled tryptic peptides was lyophilized, oxidized by performic acid, lyophilized again, and dissolved in water. Two-dimensional peptide maps were obtained on thin-layer silica gel plates (20 by 20 by 0.02 cm;
Polygram SIL NH-R, Macherey-Nagel Co.) by electrophoresis at 450 V in pyridine-acetic acid-water (1: 10:289), pH 3.5, in one dimension, followed in the second dimension by ascending chromatography in 1-butanol-pyridine-acetic acid-water (5:4:1:4), pH 5.25. Dried plates were impregnated by ascending chromatography with 7% (wt/vol) 2,5-diphenyloxazole in acetone, dried, and autoradiographed.
Identification of phosphorylated amino acids. Immunoprecipitates incubated with [y-32P]ATP in the presence of histone were boiled, and the reaction supematant was recovered. Proteins were precipitated with trichloroacetic acid, and the precipitates were dissolved in 6 N HCI and heated for 2 h at 110°C in sealed tubes. The HCI was removed in vacuo, and hydrolysates were analyzed along with purified phosphoserine and phosphothreonine (Sigma) and phosphotyrosine (prepared by the method of Mitchell and Lunan, reference 21) on cellulose thin-layer plates (20 cm by 20 cm by 0.1 mm; Polygram CEL 300) by electrophoresis for 2.5 h at 1,000 V in glacial acetic acid-formic acid-water (78:25:897, vol/vol), pH 1.9, and then, after rotating the plate 900, for 30 min at 1,500 V in acetic acid-pyridine-water (50:5:945, vol/vol), pH 3.5, as described by Hunter and Sefton (12) and Sefton et al. (31) . The positions of reference markers were determined by ninhydrin staining, and the positions of 32P-labeled amino acids were determined by autoradiography.
RESULTS
Previous studies (17) indicated that protein kinase activity could be immunoprecipitated from Ad5-infected KB cells by 14b antitumor serum which, as described above, is directed against proteins specified by the transforming region of the Ad5 genome. Figure 1A shows that when an immunoprecipitate derived from cytoplasmic extracts of Ad5-infected cells was incubated with [y-32P]ATP, 32p was incorporated primarily into material migrating in the position of the heavy chain of immunoglobulin G (IgG). Little incorporation was found with extracts from mock-infected cells ( were immunoprecipitated by using 14b serum. The precipitates were incubated for 2 min with [y-32PJATP (no histone added), and the reaction was terminated by the addition of an equal portion of standard sample buffer which contained either 4% (vol/vol) 2-mercaptoethanol or 4% (vol/vol) iodoacetamide. Samples were boiled and then analyzed by SDS-PAGE. Arrows indicate the positions of Coomassie blue-stained IgG heavy chain and undissociated IgG and of a 58,000-dalton species, the mass of which was determined from the migration of known markers (not shown). Extracts from Ad5-infected (A) and mock-infected (B) cells in sample buffer containing 2-mercaptoethanol. Extracts from Ad5-infected (C) and mock-infected (D) cells in sample buffer containing iodoacetamide. For E and F, to show that the 32P-labeled 58K species in C comigrated with Ad5 58K antigen, an immunoprecipitate from infected cells labeled with 32P as in A was analyzed by SDS-PAGE along with an immunoprecipitate from infected cells which had been incubated with [3SJmethionine (50 yCi per plate) from 10 to 12 h postinfection. In this case both samples were in 2-mercaptoethanol and a 16% polyacrylamide gel containing four times the normal bis concentration (i.e., polyacrylamide-bis, 30:0.8) was used to separate the heavy chain ofIgG from the 58K antigen. Lane E shows a 32P-labeled immunoprecipitate, and lane F shows a 3S-labeled immunoprecipitate. molecular weight of 58,000. The presence of two labeled species was further demonstrated by analyzing a 32P-labeled immunoprecipitate from infected cells on a gel containing four times the normal concentration of cross-linker. Under these conditions (Fig. 1E) , two bands of 3P-labeled material were seen, corresponding to the heavy chain of IgG and a species of 58,000 daltons (58K). Previous studies (15, 16) have shown that 14b serum precipitates a 58K Ad5 antigen from infected cells. Figure 1F shows that the 3S-labeled 58K antigen comigrated with the 32P-labeled 58K species. On the basis of electrophoretic mobilities, therefore, it appears that in the immunoprecipitate, the kinase phosphorylated both the heavy chain of IgG and the 58K antigen.
Because a 58K protein appeared to be a substrate for the kinase, kinase activity in infected cells could not be accurately compared to that in mock-infected cells, as no 58K polypeptide is precipitated from the latter (15, 16 ; data not shown). To overcome this problem and to increase the sensitivity of the kinase assay, arginine-rich histone was tested as an exogenous substrate. Figure 2B shows that histone was phosphorylated by precipitates from infected cells, histone H3 (top band of the triplet near the bottom of the gel) being preferentially labeled. Phosphorylation of the material comprising the heavy chain of IgG and 58K was about the same in the presence (Fig. 2B) or absence ( Fig. 2A) of histone. With infected cell extracts and nonimmune serum (Fig. 2D) or with mockinfected cell extracts (Fig. 2F) , incorporation of 32P into histone H3 was about 10 to 30% of that with infected cell extracts and 14b serum. Fig.  2G shows that boiled histone alone contained some phosphotransferase activity. By the addition of histone, the sensitivity of the protein kinase assay was increased at least twofold.
In other experiments (data not shown), it was found that the addition of cyclic AMP or cyclic GMP at various concentrations to the kinase assay had no significant effect on 32p incorporation, and that little or no activity could be detected by using purified nuclei.
Is a specific protein kinase immunoprecipitated from Ad5-infected cells? The protein kinase activity precipitated from Ad5-infected cells could be due to a virus-coded enzyme or to a cellular kinase which is specifically bound to an Ad5 antigen. However, another possibility is that cellular kinases are merely trapped non- specifically in antigen-antibody complexes. This is a serious consideration here, as in every case where appreciable activity has been detected, an appreciable immunoprecipitate was also present.
To determine whether the kinase activity could be due to nonspecific trapping, two types of experiment were performed, as follows. (i) Studies with different antigen-antibody complexes. Antigen-antibody complexes were formed between human IgG and sheep anti-human IgG, or between bovine serum albumin and sheep or hamster anti-bovine serum albumin, in the presence of cytoplasmic extracts from Ad5-infected and mock-infected cells. This was a more extensive study of a control described before (17) , and again these immunoprecipitates showed very little protein kinase activity. No labeled material was detected in the region of IgG heavy chain-58K protein, and labeling of histone H3 was less than 10% of that obtained by using Ad5-infected cell extracts and 14b serum. Furthermore, this low level of phosphorylation was independent of antigen concentration and was the same whether infected or uninfected cell extracts were used.
To provide a control in which the antigenantibody complex more closely resembled that present in the normal assay for kinase activity both quantitatively and qualitatively, heat-inactivated extracts of Ad5-infected cells were immunoprecipitated with 14b serum in the presence of unheated extracts of mock-infected cells. Preliminary experiments showed that heating Ad5-infected cell extracts at 560C for 5 To test for nonspecific trapping, therefore, an extract from 6 x 107 infected cells was heated, combined with an unheated extract from 2 x 107 tnock-infected KB cells, and immunoprecipitated with 14b serum. The kinase activity of this precipitate was then compared with the activity found by using extracts of 2 x 107 infected or mock-infected cells alone. The 32P labeling of histone H3 by immunoprecipitates from the combined extracts (Fig. 3D ) and the mock-infected cell extract alone (Fig. 3B) were similar and were both 17 to 21% of that found with the unheated infected cell extract (Fig. 3A) . Thus, the immune complex formed from the heattreated extract did not trap cellular kinases present in the native extract from uninfected cells.
These results, coupled with the fact that infected and control KB cells contain approximately equal total protein kinase activities (17; Branton, unpublished data), provide further evidence that the levels of kinase activity precipitated from Ad5-infected cells cannot be accounted for by nonspecific trapping of cellular enzymes in the immune complex.
Phosphopeptides of histone H3 phosphorylated by immunoprecipitates. To determine whether the Ad5-related activity was due to a specific protein kinase, the patterns of histone H3 peptides phosphorylated by Ad5-in- fected and mock-infected cell extracts were compared. Figure 4 shows that these patterns were different. With immunoprecipitates from mockinfected cells, histone H3 was labeled with 32P in three peptides, 1 to 3. In contrast, with immunoprecipitates from Ad5-infected cells, it was labeled not only in peptides 1 to 3, but also in peptides 4 to 8. These data suggest that the protein kinase activity immunoprecipitated from infected cells differs from that from uninfected cells.
Taken together, all of the above results suggest strongly that the protein kinase activity precipitated from Ad5-infected cells by 14b serum is not due to nonspecific trapping of cellular kinases in immune complexes, but results from the specific precipitation of a viral or cellular enzyme by the 14b serum.
Protein kinase activity in cells infected with Adl2. To determine whether protein kinase activity is associated with the tumor antigens of another adenovirus serotype, extracts from Adl2-infected KB cells were studied. Immunoprecipitations were carried out by using an antiserum, designated 12T, produced in hamsters bearing tumors induced by Ad12. Table 1 shows that compared with the controls, a large amount of protein kinase activity was immunoprecipitated from Adl2-infected cells by 12T serum. The pattem of phosphorylation obtained by SDS-PAGE (not shown) was similar to that shown in Fig. 2 . Adl2-related protein kinase activity has also been detected in extracts from infected cells (Branton and Mak, unpublished data) by using an antiserum (Cl) derived from rats bearing tumors induced by 709C1 rat cells which had been transformed by the Adl2 EcoRI fragment C (20) . Thus, a tumor antigen-related phosphotransferase activity is associated with Adl2 as well as with Ad5.
Because the transforming regions of the Ad5 and Adl2 genomes show little homology by nucleic acid hybridization (19) , it was of interest to determine whether antiserum directed against Ad5 tumor antigens could immunoprecipitate the Adl2 protein kinase, and vice versa. Table  1 shows that 14b antiserum precipitated large amounts of protein kinase activity from Ad5-infected cells, but from extracts of Adl2-infected cells the amounts were no greater than those with nonimmune serum. Similarly, 12T serum appeared to be specific for Adl2. These data suggest, therefore, that the antigenic sites involved in the precipitation of kinase activity are different for Ad5 and Adl2.
Identification of phosphorylated amino acids. The amino acids phosphorylated by the Ad5-related protein kinase in assays containing added histone were identified by high-voltage electrophoresis on thin-layer plates of samples hydrolyzed in 6 N HCI. As shown in Fig. 5A and B, the ninhydrin-stained phosphoserine, phosphothreonine, and phosphotyrosine markers were well separated. Samples labeled by using Ad5-infected (Fig. 5A ) and mock-infected (Fig.   5B ) cell extracts contained both 32P-labeled phosphoserine and 32P-labeled phosphothreonine, but little 32P-labeled phosphotyrosine. The radioactivities detected in these regions of the plates were 2,270, 1,180, and 30 Because the protein kinase activities associated with Rous sarcoma virus pp60)rc (12), with a protein specified by Abelson leukemia virus (35) , and with polyoma middle T antigen (5) all appear to be specific for the phosphorylation of tyrosine, it was important to identify the amino acid residues phosphorylated by Ad-related kinases. Both the Ad5-and Adl2-related enzymes appear to phosphorylate serine and threonine, but not tyrosine. Thus, if these protein kinases play a role in adenovirus infection or transformation, phosphorylation of tyrosine residues is probably not involved. It should be noted that the studies of Sefton et al. (31) have already indicated that increased tyrosine phosphorylation is not a universal property of transformation by tumor viruses and other agents.
The origin of the adeno-associated enzyme remains unclear. The fact that hamster antitumor serum precipitates kinase activity from infected human cells and from transformed rat cells (2) , together with our finding that the antigenic sites involved in the precipitation of kinase activity are different for Ad5 and Adl2, makes it unlikely that we are detecting a cellular enzyme which cross-reacts with antitumor serum. However, in the light of studies with Rous sarcoma virus src protein kinase and the related cellular sarc kinase, this possibility cannot be excluded. Another possibility is that a viral protein is not itself a protein kinase, but that it binds a specific cellular kinase which it carries into the immunoprecipitate. A third possibility is that the protein kinase is virally coded. A number of polypeptides have been described which appear to be products of genes mapping in the transforming region of adenoviruses (9, 11, 15, 16, 24, 29) , and any of these species could be a potential candidate for a virus-coded kinase. Of particular interest in this regard is the Ad5 58K antigen, which appears to be phosphorylated in the in vitro reaction. Self-phosphorylation of other putative viral kinases has been reported for Rous sarcoma virus pp6osrc (3), Abelson leukemia virus P120 (35) , simian virus 40 T antigen (10) , and polyoma middle T antigen (5, 28, 32) . Determination of the origin of the Ad5-related protein kinase may require the in vitro synthesis of activity from Ad5-specific mRNA or the detection of altered enzyme kinetics with Ad5 mutants.
